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ry1"*  appHcetiea  of  the  IREPS  evaporation  duct  model  iyparatiniial  tnd  clhnstelnpicel  propagation  asaassmentehnd  the  sensitivity  of 
the  mode!  to  meteorological  measunmants  are  examined.  The  unexpectedly  high  occurrence  of  evaporation  duct  heights  greeter  than  40 
metres  is  related  to  stable  conditions  (poetthre  air-sea  temperature  difference)  in  the  surface  layer.  The  existence  of  stable  conditions  over  the 
ocean  is  a— bread  In  terms  of  meteorological  conditions  and  temperature  measurement  accuracies.  Comparisons  of  air-tea  temperature  dif¬ 
ference  diatribe tioas  are  made  between  high  quality  NOAA  data  buoy  climatological  data  and  archived  ship  surface  weather  data.  A  modifi¬ 
cation  to  the  evaporation  duct  model  is  proposed  and  applied  to  radio-meteorological  data.  . 
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OBJECTIVES 


Imtatlgat*  the  validity  of  high  (30-40  metres)  evaporation  duct  heights 
in  operational  assessments  and  climatologies  of  the  evaporation  duct.  Estab¬ 
lish  the  sensitivity  of  the  IREPS  evaporation  duct  model  to  the  input  param¬ 
eters. 


RESULTS 

1.  Air-sea  temperature  differences  as  measured  by  transiting  ships  are  found 
to  be  biased  toward  thermally  stable  conditions  when  compared  to  high  quality 
MOAA  data  buoy  data. 

2.  The  I  REPS  evaporation  duct  model  is  shewn  to  be  more  sensitive  to  the 
relative  accuracy  of  air-sea  temperature  difference  than  the  absolute  accuracy 
of  the  measured  parameters. 

3.  The  IREPS  evaporation  duct  model  can  be  modified  to  greatly  diminish  the 
occurrence  of  high  duct  heights  resulting  from  biased  air  temperature 

measurements . 

BTnmuMTTniin 


1 .  Adopt  the  modified  evaporation  duct  model  for  use  in  IREPS. 

2.  Reanalyze  the  evaporation  duct  climatology  with  the  modified  evaporation 
duct  model. 

3.  Develop  a  new  sensor  that  would  measure  both  air  and  sea  temperature  with 
high  relative  accuracy  and  be  subject  to  a  minimum  of  ahip  induced  effects.  A 
sensor  with  a  resolution  of  0.1 *C  and  an  absolute  accuracy  of  0.5*C  is 
suggested. 
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Dm  integrated  Refractive  Bf tecta  Pradiction  Syaten  (XREP8)  hu  bean  ustl 
ate**— d  operationally  by  the  U.S.  Navy  since  1978.  Subsequently,  there  have 
been  questions  free  the  fleet  concerning  IREP8  assessments  of  system  perfora- 
ance  under  strong  (30-40  aetres)  evaporation  ducting  conditions  that  have  not 
been  boras  out  by  observed  systea  performance.  Additionally,  the  XRBFS 
climatological  propagation  assessments  developed  from  the  National  Climatic 
Oats  Canter  data  base  show  a  distinctly  bi nodal  distribution  of  evapo¬ 

ration  duct  heights  that  is  difficult  to  justify.  Errors  in  systea  perform¬ 
ance  assessment  arise  in  three  areas i  (1)  the  environmental  measurements,  (2) 
the  meteorological  models  used  to  determine  evaporation  duct  heights,  and  (3) 
the  propagation  models  used  to  quantify  propagation  conditions.  Only  the 
first  two  of  these  areas  are  investigated  in  this  report.  . 


A 


ISMMMnt  of  system  performance  ie  done  operationally  with  I  REPS  by 
entering  current  environmental  data,  both  surfaoe  and  upper  air.  Surface  data 
required  are  wind  speed,  sea-surface  temperature,  air  temperature,  and  rela¬ 
tive  humidity.  Upper  air  data  required  are  pressure,  temperature,  and  rela¬ 
tive  humidity  at  levels  of  significant  change.  Upper  air  data  establish  the 
presence  of  surface-based  ducts  which  will  extend  surface-to-surface  propa¬ 
gation  for  all  frequencies  above  100  MBs.  In  the  absence  of  any  refractive 
effects  from  elevated  layers,  the  evaporation  duct  is  the  dominant  factor  in 
surface-to-surface  propagation,  the  strength  of  which  is  determined  from 
surface  meteorological  measurements.  The  enhancement  effect  of  the  evapora¬ 
tion  duct  is  highly  frequency  dependent,  and  variations  in  evaporation  duct 
height  will  result  in  variations  of  assessed  performance.  Table  1  is  an 
example  of  computed  duct  height  for  a  24-hour  period  for  a  CV  in  the  southern 
California  operating  area.  Weather  was  scattered  to  broken  clouds,  becoming 
clear  after  1400,  and  winds  were  moderate  northwesterly.  Under  these  condi¬ 
tions,  one  would  expect  the  evaporation  duct  to  be  fairly  uniform  with  time, 
yet  computed  duct  height  varied  from  10  to  40  metres.  This  is  typical  of 
those  situations  where  actual  system  performance  changes  little  even  though 
assessed  performance  varies  dramatically. 

It  is  recognized  that  there  are  problems  with  observing  the  evaporation 
duct  parameters  at  sea.  Winds  must  be  determined  from  the  observed  relative 
wind}  air  temperature  and  relative  humidity  are  determined  from  dry-  and  wet- 
bulb  psychrcmetric  measurements  which  are  subject  to  ship-induced  effects}  sea 
surface  temperature  is  often  taken  from  the  seawater  injection  temperature, 
the  inlet  for  which  is  well  below  the  surface  and  is  also  subject  to  ship 
induced  effects.  Still,  the  evaporation  duct  height  calculations  are  not 
unreasonable  except  in  the  cases  where  air  temperature  is  greater  than  sea 
temperature  and  computed  duct  height  goes  to  30  to  40  metres.  Stable  condi¬ 
tions  and  relative  humidities  in  the  range  of  65-75%  would  not  be  expected  in 
the  open  ocean.  This  indicates  that  errors  in  air-sea  temperature  difference, 
to  which  the  evaporation  duct  height  calculation  can  be  quite  sensitive,  may 
be  the  contributing  factor  in  unrealistically  high  evaporation  duct  heights. 
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The  I REPS  evaporation  duct  height  climatology  was  compiled  from  NCDC 
archived  ship  surface  weather  observations  for  the  years  1970  to  1979  and 
reported  in  reference  1 .  This  climatology  has  been  incorporated  into  the 
IRXPS  historical  data  base  and  has  been  published  as  part  of  reference  2. 
figure  1  shows  representative  duct  height  distributions  for  the  open  ocean 
«***s  around  and  north  of  Hawaii.  Notice  that  all  distributions  are  bimodal 
and  that  the  percent  occurrence  of  duct  heights  of  40  metres  or  greater  varies 
diuraally  and  latitudinally.  Evaporation  duct  heights  of  40  metres  would 
effectively  enhance  propagation  for  frequencies  as  low  as  1  GHz.  Results  from 
propagation  experiments  such  as  reference  3  do  not  support  the  relatively  high 
percent  occurrence  of  ducting  as  indicated  by  climatology.  The  diurnal  and 
latitudinal  variation  of  the  occurrence  of  40-metre  ducts  implicates  solar 
insolation  in  possible  air-sea  temperature  difference  measurement  errors.  It 
is  very  likely  that  the  erroneously  measured  stable  conditions  discussed  in 
the  previous  section  have  biased  the  evaporation  duct  climatology. 


EVAPORATION  DUCT  PARAMETER  MEASUREMENTS 


ACCURACY 

The  elements  of  wind  speed,  air  and  sea-surface  temperature,  and  relative 
humidity  as  measured  by  transiting  ships  have,  in  the  past,  been  sufficiently 
accurate  for  operational  and  general  climatological  purposes.  Reference  4 
indicates  that  air  temperature  is  generally  reliable,  but  notes  that  tempera¬ 
tures  reported  by  ships  in  the  tropics  appear  to  be  consistently  high  under 
sunny  conditions  due  to  poor  instrument  exposure.  Sea-surface  temperatures 
are  somewhat  less  reliable  due  to  varied  observational  methods.  Reference  5 
reports  average  errors  on  the  order  of  +1  °C  for  seawater  injection  tempera¬ 
tures  versus  bucket  temperatures.  Surface  temperatures  obtained  from  expend¬ 
able  bathythermographs  are  potentially  the  most  accurate  routine  sea-surface 
temperatures  currently  made,  but  most  U.S.  Navy  ships  eject  the  instrument 
into  the  ship's  wake.  On  the  whole,  the  absolute  accuracy  of  the  measurements 
of  the  evaporation  duct  parameters  is  adequate;  however,  the  relative  accuracy 
of  the  air  and  sea  temperatures  has  the  greatest  impact  on  evaporation  duct 
height  determination.  These  two  elements  are  usually  obtained  by  different 
instruments  and  different  observers,  compounding  the  problem. 

CLIMATOLOGICAL  AIR-SEA  TBIPERATURE  DIFFERENCES 

The  National  Oceanic  and  Atmospheric  Administration  (NOAA)  has  incorpo¬ 
rated  marine  data  buoys  in  the  NCDC  data  base  and  published  summaries  (refer¬ 
ence  6).  The  buoy  data  include  wind  speed  and  air  and  sea  temperature  obser¬ 
vations  and  represent  data  superior  to  that  available  from  ship  observations 
as  specific  actions  were  taken  in  buoy  design  to  avoid  platform  induced 
effects.  Unfortunately,  moisture  data  are  not  available,  so  evaporation  duct 
calculations  cannot  be  made.  However,  air-sea  temperature  differences  and 
bulk  Richardson *8  numbers  can  be  examined.  Buoy  locations  are  shown  in  figure 
2.  Most  of  the  buoys  in  the  Atlantic  and  the  Gulf  of  Mexico  are  subject  to 
continental  influences  which  will  tend  to  increase  the  extremes  of  air-sea 
temperature  difference  distributions.  However,  these  data  should  bound  the 
open  ocean  conditions.  Pacific  buoy  data  should  be  representative  of  the  open 
ocean.  Buoys  in  both  ocean  regions  can  be  compared  to  archived  ship  data 
within  those  regions  to  determine  the  extent  to  which  the  XREPS  climatology  is 
biased. 

It  has  already  been  noted  that  air  temperature  observations  from  ships  in 
the  tropics  tend  to  be  consistently  high  on  sunny  days.  NOAA  data  buoys  42001 
and  42002  are  located  in  Maraden  square  62  and  42003  in  Marsden  square  81  (the 
evaporation  duct  climatology  in  IREPS  is  geographically  organised  by  Marsden 
square).  The  air-sea  temperature  difference  (AS TO )  distributions  derived  from 
reference  6  are  shown  in  figure  3,  as  are  the  distributions  from  the  IREPS 
historical  data  base  for  these  two  Marsden  squares.  Buoys  42001  and  42002 
indicated  stable  conditions  (AS TOO)  7.3%  and  1.3%  of  the  time,  respectively, 
compared  to  34.6%  of  the  time  for  the  IREPS  historical;  buoy  42003  indicates 
stable  conditions  0.7%  of  the  time  compared  to  30.8%  of  the  time  for  IREPS. 
Even  allowing  for  point  observations  versus  observations  over  the  entire 
Marsden  square,  the  discrepancy  between  the  buoy  data  and  ship  data  strongly 
indicates  a  bias  in  the  ship  data.  The  result  of  the  bias  is  that  the  IREPS 
historical  data  indicate  evaporation  duct  heights  of  40  metres  or  greater  sore 
than  15%  of  the  time  annually  in  these  two  Marsden  squares.  The  remaining 


buoy  a nd  Marsden  square  data  ars  in  appendix  A  and  further  confirm  the  ASTD 
discrepancies. 


Another  feature  of  the  IRKPS  historical  data  base  is  that  it  is  broken 
down,  into  day  and  night  distributions.  This  was  done  to  exanine  any  diurnal 
variations >  however,  the  variation  that  does  show  up  is  stronger  than  ex¬ 
pected.  table  2,  derived  frea  reference  7,  shows  diurnal  temperature  varia¬ 
tions  at  savsral  buoys  to  be  less  than  0.6*C,  implying  a  such  snaller  diurnal 
variation  in  evaporation  duct  height  than  is  currently  analysed,  table  2  also 
belies  the  diurnal  variation  reported  by  ships  and  further  supports  the 
likelihood  of  a  bias  toward  stable  conditions. 


Mble  2.  Diurnal  variation  of  teaperature  at  five  MQAA  data  buoys  free  the 
nesn  air  teaperature  at  3-hour  intervals!  Greenwich  Mean  Tine  (GMT)  and  local 
Standard  tine  (LST) . 
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SENSITIVITY  OP  THE  I REPS  EVAPORATION  DUCT  MODEL 

The  evaporation  duct  nodel  used  in  IREPS  is  basically  the  model  developed 
by  Jeske  (reference  8)  and  adapted  by  Hitney  (reference  9).  Figure  4  shows 
the  variation  of  duct  height  versus  air-sea  temperature  difference  parametri¬ 
cally  in  relative  humidity  for  various  sea  temperatures  and  wind  speeds 
ccsunonly  encountered  in  the  open  ocean.  As  discussed  by  Anderson  (reference 
10) ,  the  curves  are  well-behaved  for  thermally  unstable  conditions  but  vary 
dramatically  under  stable  conditions.  Lower  relative  humidity  and  lower  wind 
speed  also  affect  the  curves  for  even  slightly  unstable  conditions.  Even 
small  errors  in  measuring  air-sea  temperature  difference  can  lead  to  large 
errors  in  evaporation  duct  height  on  the  stable  side  of  the  diagrams. 

METEOROLOGICAL  RELATIONSHIPS  WITH  EVAPORATION  DUCT  HEIGHT 

Over  the  open  ocean,  air-sea  temperature  differences  are  normally  slight¬ 
ly  negative.  In  the  presence  of  large  ocean  currents,  in  regions  of  upwell- 
ing,  and  with  the  movement  of  warm  or  cool  air  masses,  contrasts  of  ASTD  are 
greater.  Under  continental  influences,  the  contrasts  are  greater  still.  The 
ASTD  distributions  for  the  NOAA  data  buoys  in  appendix  A  substantiate  this. 
The  relationships  between  meteorological  conditions  and  the  resulting  evapora¬ 
tion  ducting  conditions  give  insight  to  the  practical  application  of  the 
evaporation  duct  model. 

Unstable 

In  the  absence  of  advective  effects,  the  marine  surface  layer  is  typi¬ 
cally  slightly  unstable  due  to  the  different  heat  capacities  of  air  and  water. 
Cool  air  being  advected  over  warmer  water  will  create  even  greater  insta¬ 
bility;  cold  continental  air  flowing  out  over  the  ocean  will  create  the 
strongest  instability.  However,  figure  4  shows  the  evaporation  duct  height  to 
be  relatively  insensitive  to  increasingly  negative  air-sea  temperature  differ¬ 
ences  and  thus  also  to  errors  in  measuring  the  difference. 

Stable 

Stable  conditions  over  the  open  ocean  would  not  be  expected  in  the 
absence  of  advection.  Figure  4  indicates  two  possible  situations  with  diverse 
evaporation  duct  heights  associated  with  each  situation.  The  first  situation 
is  one  in  which  warm,  high-humidity  air  overlies  cooler  water.  This  would 
occur  with  advection  across  an  ocean  current  toward  the  cool  side,  advection 
toward  an  upwelling  region,  or  with  warm  frontal  passage.  In  figure  4,  this 
is  the  situation  in  which  evaporation  duct  height  continually  decreases  with 
increasing  air-sea  temperature  difference.  This  is  because  the  refractivity 
difference  between  the  surface  and  the  observation  height  is  continually 
decreasing.  This  type  of  meteorological  situation  is  also  conducive  to  fog 
formation  as  the  overlying  air  is  cooled  by  air-sea  interaction  and  its 
relative  humidity  increases  to  the  point  of  condensation.  It  is  speculated 
that  the  higher  percent  occurrence  of  stable  conditions  at  buoys  44001-5  shown 
in  appendix  A  is  due  to  this  type  of  situation.  The  region  in  which  these 
buoys  are  located  does  have  a  high  incidence  of  low  visibilities.  This  theory 
rectifies,  in  part,  the  fact  that  the  percent  occurrence  of  stable  conditions 
is  far  greater  than  the  percent  occurrence  of  40-metre  evaporation  ducts. 
This  same  argument  holds  for  buoy  46006  in  the  Pacific  as  well. 
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ltoe  Mcond  stable  situation  is  one  in  which  wars,  lower-husidity  air 
overlies  cooler  water.  This  would  have  to  occur  in  ocean  areas  under  a 
continental  influence.  Santa  Anas  in  the  southern  California  area  are  one  of 
this  type  of  influence.  Extremely  high  evaporation  duct  heights  would  result, 
as  shown  by  the  lower  relative  humidity  lines  in  figure  4  that  initially 
increase  with  air-sea  .temperature  difference  and  then  eventually  decrease. 
The  maximum  on  the  curves  is  the  point  where  S/L'  becomes  greater  than  one  and 
duct  height  is  recomputed  based  upon  the  limit  5/L*  •  1  (references  8,  9). 
Duct  height  then  decreases  toward  sero  as  the  refractivity  differences  de¬ 
crease.  Evaporation  duct  heights  of  40  metres  or  greater  are  common  in  this 
situation  and  system  performance  assessment  would  indicate  strong  enhance¬ 
ments.  However,  it  is  argued  that,  in  this  situation,  surface-to-surface 
propagation  would  be  dominated  by  a  larger  surface-based  duct  that  would 
likely  be  associated  with  the  temperature  inversion  at  the  top  of  the  boundary 
layer.  Thus,  the  evaporation  duct  is  of  little  relative  importance  in  this 
case. 

MEASUREMENT  ACCURACIES 

Since  the  meteorological  situation  of  relatively  warm  air  and  low  humid¬ 
ity  should  not  exist  over  the  ocean  without  other  propagation  mechanisms  being 
dominant,  it  is  possible  to  modify  the  evaporation  duct  calculation  to  prevent 
measurement  inaccuracies  from  falsely  indicating  this  type  of  meteorological 
situation  and  the  resulting  high  and  unrealistic  duct  heights.  From  figure  4 
it  can  be  seen  that  there  is  only  a  small  error  in  determining  duct  height 
from  fairly  large  errors  in  air-sea  temperature  difference  as  long  as  air-sea 
temperature  difference  is  less  that  approximately  -5°C.  For  air-sea  tempera¬ 
ture  differences  greater  that  -S"C,  errors  in  duct  height  will  increase  and, 
in  particular,  can  be  quite  large  for  even  small  errors  in  air-sea  temperature 
difference  for  relative  humidities  less  than  90%.  It  is  then  desirable  to 
determine  a  maximum  air-sea  temperature  difference  above  which  increasing  duct 
heights  would  be  neglected  but  decreasing  duct  heights  would  be  allowed. 
Table  3  shows  mean  air-sea  temperature  differences  for  the  NOAA  data  buoys. 
Table  4  shows  air-sea  temperature  differences  for  a  variety  of  temperatures 
and  wind  speeds  at  which  the  bulk  Richardson's  number  (reference  9)  is  -0.03 
( iRi^l  <0.03  are  considered  to  be  near-neutral  conditions).  These  data  sug¬ 
gest  a  maximum  air-sea  temperature  difference  between  0  and  -1°C  would  be 
reasonable.  To  see  the  effect  that  an  air-sea  temperature  difference  limit 
would  have,  data  collected  by  Anderson  (reference  3)  in  June  1982  were 
reanalysed.  Figure  5a  is  a  plot  of  observed  pathloss  at  17.7  GHz  versus 
calculated  duct  height.  The  red  data  points  are  those  duct  heights  computed 
from  meteorological  data  that  indicated  stable  conditions  (ASTD>0).  Although 
this  plot  is  scaled  to  only  25  metres,  red  data  points  occurred  up  to  and 
beyond  40  metres.  The  yellow,  green,  and  blue  data  points  are  those  with  ASTD 
values  as  indicated  in  the  figure.  The  solid  lines  are  theoretical  curves 
calculated  by  waveguide  techniques  for  a  smooth  sea  surface  and  three 
stability  conditions.  Notice  that  the  blue  points  are  in  closest  agreement 
with  the  theoretical  curves,  whereas  the  red  points  tend  to  indicate  far 
greater  pathloss  than  predicted  for  the  duct  height.  This  strongly  indicates 
erronsous  temperature  measurements  since  the  errors  tend  to  increase  with  air- 
sea  temperature  difference.  xf  this  is  the  case,  these  data  would  show  a 
•srked  improvement  in  correlation  using  a  modified  evaporation  duct  height 
calculation,  and  the  best  correlation  would  be  indicative  of  an  ASTD  threshold 
above  which  all  data  would  be  subject  to  the  modification  technique.  Figures 
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5b,  c,  and  d  show  the  results  of  using  a  modified  evaporation  duet  height 
calculation  with  thresholds  of  0,  -0.5,  and  -1  °C  ASTD,  respectively.  The 
yellow  data  points  are  those  for  which  the  ASTD  threshold  was  exceeded  and 
which  were  subjected  to  the  modified  technique}  the  blue  data  points  are 
unchanged  from  the  original  data,  in  figure  5b,  there  are  only  a  few  data 
points  above  15  metres  and  these  are  original  data  at  lower  pathloes  values. 
The  points  plotted  in  yellow  using  the  modified  duct  height  calculation  show 
improvement  over  figure  5a  but  still  have  considerable  scatter  as  compared  to 
the  theoretical  curves.  Figures  5c  and  d  show  additional  improvement,  with 
figure  5d  showing  comparable  scatter  between  the  blue  and  yellow  points}  the 
higher  duct  heights  ( 1 2-1 6m)  now  correspond  to  the  lower  pathloes  values. 
This  indicates  a  threshold  of  -1°C  ASTD  in  the  modified  evaporation  duct 
height  calculation  gives  good  agreement  with  these  radio  data. 

To  determine  the  possible  effects  that  the  modified  evaporation  duct 
height  calculation  would  have  on  the  XRBPS  climatology,  a  comparison  of 
histograms  is  useful.  Figure  6a  shows  the  duct  height  dietribution  for 
Marsden  equate  120  for  June  from  the  I  RE  PS  climatology.  Mote  the  trimodal 
appearance  of  the  daytime  distribution  with  relative  maximums  at  0  to  2,  10  to 
12,  and  greater  than  40  me  tree.  The  lower  and  higher  nodes  likely  result  from 
the  large,  positive  air-sea  temperature  differences  in  the  archived  ship 
weather  observations.  Figure  6b  shows  the  distribution  of  the  (unmodified) 
data  of  figure  5a.  This  distribution  is  bimodal,  shows  a  lower  occurrence  of 
daytime  ducts  greater  than  40  metres,  and  has  a  greater  kurtosis.  Finally, 
figure  6c  shows  the  dietribution  of  the  modified  duct  height  data  of  figure 
Sd.  This  distribution  is  closer  to  a  normal  distribution}  the  bimodal  charac¬ 
teristic  is  gone  and  kurtosis  has  increased  further.  The  mean  duct  height 
shows  only  a  slight  diurnal  variation  and  is  lower  than  the  means  in  figures 
6a  and  b.  This  distribution  is  typical  of  what  one  would  expect  from  geophys¬ 
ical  data.  It  is  anticipated  that  applying  the  modified  evaporation  duct 
height  calculation  to  the  archived  ship  surface  meteorological  data  would 
have  the  effect  of  lowering  the  mean  duct  height  and  reducing  the  variance  of 
duct  height. 

The  modification  to  the  evaporation  duct  height  calculation  -is  flaw- 
charted  in  figure  7.  If  ASTD  is  less  than  or  equal  to  -1,  then  the  evapora¬ 
tion  duct  height,  5  ,  is  calculated  using  the  ambient  ASTD.  Otherwise,  5  ie 
computed  for  both  ASTD  -  -1  and  ASTD  >0.  If  $  (ASTD  »  -1 )  is  less  than 
6.  (ASTD  *0),  then  5  is  set  equal  to  the  6  calculated  with  ASTD— 1 .  Other¬ 
wise  ,  6  is  calculated  using  ambient  ASTD. 


Operational  determinations  of  the  evaporation  duet  and  the  I REPS  histor¬ 
ical  data  haae  show  an  unexpectedly  high  occurrence  of  evaporation  duct 
heights  of  40  eetrea  or  greater.  These  high  duct  heights  occur  under  ther- 
aally  stable  conditions  and  lower  relative  humidities .  These  conditions  are 
the  result  of  (1)  a  continental  influence  or  (2)  teaperature  measurement 
errors.  In  ths  first  case,  a  surface-based  duct  will  also  exist,  dominate  any 
evaporation  duct  effects,  and  produce  propagation  enhancements  for  all 
frequencies  above  100  KBs.  In  the  second  case,  propagation  enhancement  for 
all  frequencies  above  1  GHz  will  be  falsely  assessed.  If  the  evaporation  duct 
height  is  recomputed  for  stable  conditions  and  lower  relative  humidities, 
assuming  an  air-ssa  temperature  difference  of  -1,  syetem  performance  assess¬ 
ment  in  the  first  case  will  be  unchanged  (since  the  assessment  would  be  based 
on  surface-based  duct  effects)  and  system  performance  assessment  in  the  second 
case  will  be  based  on  data  more  likely  to  be  representative  of  actual  condi¬ 
tions.  This  modification  of  the  evaporation  duct  calculation  works  well  on 
propagation  data  obtained  from  an  18-GHz  propagation  link  and  indicates  that 
the  current  ntXFS  duct  height  climatology  is  biased  toward  higher  means  and 
larger  variances. 


Based  on  this  study,  it  is  goco— sndsd  thati 

1*  His  evaporation  duct  calculation  usod  by  IMPS  bo  nodifisd  as  proposed  to 
Unit  tbs  oocurranca  of  high  duct  haights. 

2.  lha  IMPS  historical  data  basa  ba  updated  by  raanalysing  tba  MCDC  data 
baaa  using  tbs  nodifiad  evaporation  duct  height  calculation. 

3.  A  new  aensor  ba  developed  that  would  be  capable  of  Measuring  air  and  eea 
teaperature  to  a  high  relative  accuracy  and  would  minimise  ahip  induced 
effects.  A  sensor  resolution  of  0.1 *C  and  absolute  accuracy  of  0.5*C  is 
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Figure  3c.  Annual  air-sea  temperature  difference  distribution  for  Marsden 
square  82  (from  reference  1 ). 
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Figure  4c  Evaporation  duct  height  (Doha)  vs  air-saa  temperature  difference 
(A8TD)  parametric  in  rsiativo  humidity.  U  -  S,  10, 16,  and  20  knot*  wind  apaad 
and  sao  tomparaturo.  Tr  of  20°C. 
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Figure  4e.  Evaporation  duct  height  (Delta)  ve  air-sea  temperature  difference 
(ASTD)  parametric  in  raiathwhumiditvtU"  5,  10, 15,  and  20  knot*  wind  ipasd 
and  aea  temperature,  T,,  of  10°C. 
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Figure  6a.  IREP8  duct  height  climatology  for  Mareden  aquara  1 20  for  June. 
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Figure  6b.  Duct  height  distribution  for  June  1982  measurement  period  from 
reference  3. 
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Figure  6c.  Duct  height  distribution  for  June  1 982  data  after  application  of  a 
modified  duct  height  calculation. 
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Annual  Distributions 


INTRODUCTION 


this  appendix  contains  the  air-sea  temperature  difference  distributions 
for  the  remaining  NOAA  data  buoys  and  Marsden  Squares.  Table  A-1  compares 
stable  conditions.  The  remaining  pages  are  the  annual  distributions.  In 
particular,  note  the  disparities  between  the  Pacific  buoys  (which  should  be 
representative  of  open  ocean  conditions)  and  their  respective  Marsden  squares. 


Table  A-1 .  Percent  occurrence  of  stable  conditions  reported  by  MOAA  date 
buoys  as  compared  to  Nareden  square  data  froe  the  ZRXPS  historical  data  base. 
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Figure  A-1.  Annual  air-saa  tamparature  diffaranca  distribution  for 
buoy  41001  in  Marsdan  square  116. 
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Figure  A-2.  Annual  air-aaa  temperature  difference  distribution  for 
buoy  41002  in  Martden  square  116. 
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Figura  A-3.  Annual  air-saa  tamparatura  difference  dietributkm  for 
buoy  41004  in  Maradan  aquara  116. 
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Figure  A-4.  Annual  air-sea  temperature  difference  distribution  for 
buoy  41005  in  Maredon  square  110. 
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Figure  A-6.  Annual  air-aaa  tamparature  diffarance  distribution  for 
buoy  44001  in  Maradan  square  1 1 6. 
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Figure  A-6.  Annual  air-aea  temperature  difference  distribution  for 
buoy  44002  in  Marsdan  square  1 16. 
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Figure  A-7.  Annual  air-Ma  temperature  difference  distribution  for 
buoy  44004  in  Mareden  square  116. 
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Figure  A-8.  Annual  air-sea  temperature  difference  distribution  for 
Marsden  square  1 16  from  IREPS  historical  data  base.  Compare 
with  distributions  in  figures  A-1  through  A-7. 
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Figure  A-9.  Annual  air-saa  temperature  difference  distribution  for 
buoy  44003  in  Mersden  square  1 61 . 
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Figure  A- 10.  Annual  air-see  temperature  difference  distribution  for 
buoy  44006  in  Marsden  square  1 51 . 
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Figure  A-1 1.  Annual  air-sea  temperature  difference  distribution  for 
Marsden  square  151  from  IREPS  historical  date  base.  Compare 
with  distribution  in  figures  A-9  and  A-10. 
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Figure  A- 12.  Annual  air-saa  temperature  difference  distribution  for 
buoy  45002  in  Marsden  square  1 58. 
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Figure  A-13.  Annual  air-sea  temperature  difference  distribution  for 
buoy  46005  in  Marsden  square  1 58. 
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Figure  A- 16.  Annual  air-sea  temperature  difference  distribution  for 
Marsden  square  1 58  from  IREPS  historical  data  base.  Compare 
with  distribution  in  figures  A-1 2  through  A-14. 


mzizxa: 


r.  r,  r  . 


-20  -15  -10  -5  0  5  10 

RSTD  IN  DEG  C  FOR  BUOY  46004 


-9<i 

obs<* 

-8 

1 

.00  J£ 

-8<i 

obsO 

-7 

4 

.01*4 

-7<i 

obs<*» 

-6 

35 

.  12V. 

-6<i 

obs<» 

-3 

tie 

.  38*4 

-3<i 

obs<* 

-4 

214 

.74V. 

-4<i 

obs<* 

-3 

614 

2.11*4 

-3<i 

obsO 

-2 

1553 

5.35  V. 

-2<i 

obsO 

-1 

4595 

15.83  V. 

-l<i 

ob»<» 

0 

19100 

65.785S 

0<i 

obs<» 

1 

2493 

8.595s 

i<i 

obs<  ■ 

2 

310 

1 . 07*4 

2<i 

obs<» 

3 

5 

.  025S 

Total  obs  ■  29034 

Figure  A- 16.  Annual  air-sea  temperature  difference  distribution  for 
buoy  46004  in  Maredon  square  1 94. 
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Figure  A-17.  Annual  sir-saa  tamparstura  diffaranca  distribution  for 
Maradan  square  194  from  IREPS  historical  data  bass.  Compare 
with  cNotrRMJtion  in  figure  A-16. 
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Figura  A- 18.  Annual  air-aaa  tamparatura  diffarervca  distribution  for 
buoy  46001  in  Maradsn  aquara  195. 
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Figure  A- 19.  Annual  air-sea  temperature  difference  distribution  for 
Marsden  square  196  from  IREPS  historical  data  base.  Compare 
with  distribution  in  figure  A- 18. 
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Figure  A-20.  Annual  air-aea  temperature  difference  distribution  for 
buoy  46003  in  Marsden  aquara  1 96. 
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Figure  A- 21 .  Annual  air-saa  temperature  difference  diatribution  for 
Maradan  aquara  196  from  IREPS  historical  data  bate.  Compare 
with  diatribution  in  figure  A-20. 
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